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Harvesting energy from the working environment of vehicles is important for wirelessly 
monitoring their operation conditions and safety. This review aims at reporting different sensory 
and energy harvesting technologies developed for automotive and active safety systems. A few 
dominant sensing and power harvesting mechanisms in automotive systems are illustrated, then, 
triboelectric, piezoelectric and pyroelectric  nanogenerators, and their potential for utilization in 
automotive systems are discussed considering their high power density, flexibility, different 
operating modes, and cost in comparison with other mechanisms. Various ground vehicles’ 
sensing mechanisms including position, thermal, pressure, chemical and gas composition, and 
pressure sensors are presented. A few novel types self-powered sensing mechanisms are 
presented for each of the abovementioned sensor categories using nanogenerators. The last 
section includes the automotive systems and subsystems, which have the potential to be used for 
energy harvesting, such as suspension and tires.  The potential of nanogenerators for developing 
new self-powered sensors for automotive applications, which in the near future, will be an 











Cars will become vastly safer through new technologies in sensors, actuators, and vehicle 
dynamic control. A state-of-the-art vehicle has more than 100 sensors for monitoring its safety, 
power generation, power transmission, navigation, state estimation, and chassis control systems. 
The final aim of these sensors is to enhance passenger safety. These sensors are implemented in 
different parts of a vehicle including engine, chassis, brake, suspension, tire, driveshaft, clutch 
shaft, exhaust, airbags, mirrors, seats, seatbelts, and fuel tank. In this review article, a few of 
sensing techniques in vehicles are briefly illustrated. In addition, the potential of new techniques 
such as triboelectricity and nano-piezoelectricity is introduced in automotive systems.  The main 
content of the paper is as follows:  
The main objective of this review article is to provide information about the latest technology in 
sensing for vehicle systems and to discuss the potential of nanogenerators (NGs) for developing 
self-powered sensors for automotive applications. The main concept and mechanisms of 
nanogenerators are briefly described for sensing in automotive systems.  
A few sensing and energy harvesting methods are discussed first, and then different types of 
sensors including position, thermal, pressure, inertial, chemical and gas composition are 
illustrated. Nanogenerators have shown a great potential for sensing and power harvesting 
applications taking into account their power density, flexibility, weight, high efficiency at low 
frequency, cost and diverse choice of materials. The above features of nanogenerators make 
them very suitable choices for automotive systems, and therefore, they can be considered as a 
reliable sensing and detection technologies in active safety systems with lower costs and higher 
accuracy. Furthermore, developing self-powered sensors for automotive systems reduces the 
electrical wiring in a car and also its pertinent maintenance cost. In addition, utilization of 
nanogenerators as power harvesting and self-powered devices in vehicles alleviates their fuel 
consumption, which is highly beneficial for environment in terms of reduction of CO2 emission 
and concerns related to the global warming. This leads us to discuss the potential of 
nanogenerators for developing new types of self-powered sensors in automotive systems for each 
of the abovementioned sensor categories. The last part of this article provides a review on the 
applications of nanogenerators for developing future intelligent tires and their capability for 
power harvesting in suspension systems. Furthermore, plenty of potential sensors in automobile 
systems, which can be promoted to the category of self-powered devices using nanogenerators 
are presented. In fact, this work opens a new door for researchers and industries in areas of 
automotive systems, material sciences, mechanical engineering, intelligent transportation, self-
powered sensors, energy harvesting and vehicle dynamics to focus on designing novel sensory 
devices using nanogenerators for automotive systems. 
2. Methods 
The mechanisms of sensing in automotive systems include variable reluctance, Hall-effect, 
anisotropic magneto-resistive (AMR), giant magnetoresistive (GMR), potentiometric, MEMS 
piezoresistor, fiber-optic, capacitive-based module, resistive temperature, thermistors, eddy 
currents, surface acoustic wave (SAW), capacitive MEMS, vibrating ring, camera on-chip 
technology, solar radiation detection, infrared radiation, ultrasonic Doppler, pulsed Doppler 
radar,  monopulse radar, laser, far-infrared (FIR), and near-infrared (NIR).  Figure 1 illustrates 
most of the current technologies for sensing in automotive systems.  
 
 
Figure 1 Current technology in automotive sensory systems. 
In the next section, nanogenerators and three main sensing techniques, which are currently being 
utilized in vehicles and energy harvesting, are discussed.   
2.1. Electromagnetism 
Theory of electromagnetism, which is in fact a cornerstone of classical physics, was developed 
by Maxwell during 1860-1871[1]. The following equations are the basis of many different 
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where D, H, B, E, J and   represent electric displacement field, magnetic field strength, 
magnetic flux density,  electric field, free current density, and free electric charge density. This 
set of equations are fundamental relations in Antenna, radio, TV, microwave, wireless 
communications, Internet of Thing (IoT),  sensors, and blue energy harvesting [2]. In automotive 
systems, magnetism can be found in anisotropic magneto-resistive (AMR) [3] and giant magneto 
resistive (GMR)[4], [5] speed/timing sensors, magnetically poled encoder rings[6], dual-magnet 
sensors [7], TPMS [8], torque sensors [9],  seatbelt tension sensors[10], seatbelt buckle status 
sensor[11], and seat position sensors [12]. In the next part, the main methods in vehicle sensors 
based on the electromagnetism are discussed in detail.   
 2.1.1. Anisotropic magneto-resistive (AMR)  
In 1857, W. Thomson discovered the anisotropic magnetoresistive (AMR) effect [13]. 
Thomson’s experiment showed the dependency of resistivity of ferromagnetic materials on the 
angle between the direction of electric current and the orientation of magnetization. In general, 
magnetoresistive (MR) sensors are fabricated in different shapes with several applications such 
as: high density read heads for tape and disk drives, compass navigations, current sensing, 
vehicle detection, vehicle wheel speed, etc.  AMR sensors are also used for sensing DC static 
fields, and field strength and direction. Generally, AMR consists of a nickel-iron thin film 
deposited on a silicon wafer. Due to the material properties of AMR, its resistance is altered 
about 2-3 % under magnetic field.  Automotive applications of this technique include vehicle 
direction detection, vehicle classification, and identifying vehicle presence and wheel speed 
measurement [4], [14].   
2.1.2.  Hall effect 
Edwin Hall discovered the Hall Effect, and reported it in a paper in 1879 [15].  The Hall effect is 
in fact the generation of voltage difference across an electrical conductor, which is transverse to 
an applied magnetic field, perpendicular to the current and an electric current in the conductor. 
This simple idea is the basis of several types of Hall effect sensors for different applications 
including automotive systems. In order to activate a Hall effect sensor, an external magnetic field 
is necessary. In fact, the performance of the Hall effect sensor depends on the magnetic field 
density adjacent to the device. If the magnetic flux density around the sensor exceeds the pre-
defined threshold, it will be detected by the sensor and, as a result, the Hall effect sensor 
generates an output signal called Hall voltage. 
2.1.3. Eddy current  
François Arago, the 25th Prime Minister of France, who was also a mathematician, physicist and 
astronomer, observed the Eddy current for the first time. His discovery was then completed by 
Michael Faraday. Owing to Faraday’s law of induction, changing the magnetic field in the 
conductor results in loops of electrical current within conductors, which are called Eddy currents 
[16].  Eddy currents are utilized in electromagnetic braking system, vibration and position 
sensing, structural testing, etc.  
2.1.4. Energy harvesting  
Energy harvesting based on electromagnetism has several applications such as harvesting energy 
from wind, ocean wave, and wasted kinetic energy. All of the electromagnetic harvesters operate 
based on Faraday’s law of electromagnetic induction. Thus, an electromagnetic energy harvester 
should be designed using at least one coil and one magnet, and relative motion between them to 
generate electrical power. Due to the relative motion between a coil and a magnetic field, a 
current flow is generated in the coil. Suspension systems and tires are considered the potential 
components in ground vehicles for energy harvesting based on electromagnetism.  
2.2. Triboelectricity 
Triboelectrification has been recently proposed for energy harvesting and active sensing 
purposes [17]–[19]. The triboelectric effect is basically a type of contact electrification in which 
specific materials become electrically charged after they come into frictional contact with a 
different material. Based on a conjunction of triboelectrification and electrostatic induction, 
triboelectric nanogenerators (TENGs), which could convert mechanical energy into electricity, 
are introduced [19]. TENGs exhibit a very highly efficient performance in terms of energy 
conversion, even under operation in variable and harsh environments [20], [21], [22]. Therefore, 
TENGs have been widely utilized for a variety of applications such as flexible and wearable 
electronics, biomedical implantable devices, vibration energy harvesting, and active sensing [2]. 
In addition, they can be simply fabricated with cost-effective and lightweight materials 
delivering high power densities for vast micro and macro scale systems [2]. Triboelectric 
nanogenerators have been used for plenty of different applications including  traffic monitoring 
[23], pressure sensing [24], bioengineering, ocean wave harvesting [25], [26], wind energy 
harvesting [27], and other applications [28]. In addition, researchers have designed hybridized 
TENG-EMG self-powered sensor for human motion based energy harvesting [29], [30]. 
The working principle of this method is based on the premise that when two different materials 
are brought into contact, a chemical bond is formed between the two surfaces and then charges, 
i.e. in the form of electrons or ions/molecules, move between the two materials to make the 
electrochemical potential equal for each material. This surface charge transfer is due to the 
difference between the polarities of triboelectricity for the two distinct materials; therefore, one 
surface achieves positive charges unlike the other surface which has negative charges. This effect 
causes an inner potential leading to a charge in outer layers of each material which are generally 
covered by electrodes. As the surfaces of the two materials are separated, the charge in the inner 
layers becomes unbalanced that causes a charge flow to the outer layers to maintain the balance. 
Therefore, as the distance of two surfaces intermittently changes, an alternative current is 
generated in the outer circuit, which results in electrical power generation. This alternative 
change of distance can be obtained by mechanical stimuli converting kinetic energy to 
electricity. It should be noted that the two materials must have distinct electron affinities and at 
least one of them must be an insulator. 
2.2.1. Operating modes 
Different working modes for TENGs have been recently discovered and developed based on the 
concept of triboelectrification. Accordingly, four main operating principles for TENGs [17], [22] 
are discussed in the following paragraphs. The red and blue colors in all figures of this section 
indicate two distinct materials with opposite electron affinities, and yellow color represents an 
electrode layer.  
2.2.1.1. Contact-separation mode 
The contact-separation mode, the system operation is schematically presented in Figure 2, is the 
first mode discovered for TENG. First, the two surfaces are brought into contact and then 
separated by a gap. The corresponding electrodes are connected to a load and consequently the 
electron flow is observed in the formed circuit. Periodic contact and separation of the two 
materials results in back and forth flow leading to an AC output. The periodic contact-separation 
switching plays an important role in the power generation; thus, various methods have been 
designed for this mode of operations such as cantilevers, spring supported systems, arch and 
cymbal shapes [18], [31]. One of the advantages of this method is that it can be operational in 
low-frequency inputs which enables it to be applied in human body kinematics, biomedical 








Figure 2  Contact mode TENG [32]. 
2.2.1.2. Sliding mode  
This working mode is based on the relative sliding motion between the two triboelectric surfaces, 
as depicted in Figure 3. This type of motion causes potential differences across the two materials, 
which can result in charge flow in outer electrodes. The sliding motion of the two surfaces, 
originated from the alternative external forces, is more efficient than the first mode in order to 
improve the output power, which can be harnessed by the external electrical circuits. Also, this 
mode can be operated in a variety of ambient motions such as linear and rotational systems 
which can be easily implemented in wind and ocean energy harvesting as well as motion sensors 
[18], [31]. High-frequency sliding motion is required for this mode to reach the desired output 






Figure 3 Sliding mode TENG[33]. 
2.2.1.3. Single-electrode mode 
One of the interesting and simple configurations of TENG is known as the single-electrode 
mode, as shown in Figure 4. The tribomaterial (such as a polymer) is the moving object, while 
the other material (such as a metal electrode) is fixed and electrically connected to the ground. 
The working principle of this mode is based on the electron flow between the electrode layer and 
the ground which is a result of the unbalanced charge between the moving and fixed layers. This 
unbalanced charge can be obtained by having contact/sliding and separation of the polymer and 
the electrode. The outstanding feature of this simple structure is that one of the layers is not 
bounded in motion and therefore can be used for various mechanical, chemical, and biomedical 
self-powered sensors [18], [31]. It is worth noting that an electrostatic screening effect appears in 
the system operation, thus reducing the electrode induction, which is known as an important 








Figure 4 Single-electrode mode TENG[34]. 
2.2.1.4. Free-standing mode 
The free-standing mode is mainly used to eliminate the need of attached electrodes in the 
structure, as seen in Figure 5. In this mode, a pair of symmetrical metal layers are located in a 
line with a small gap and the moving dielectric, which has the same length of the fixed layers, is 
moving above the two layers. The oscillation of this layer between the two metals leads to 
asymmetric charge distribution, thus, an electrical flow is generated in the external circuit. This 
mode has shown a longer operation life-time in comparison with the second mode due to its 
lower material abrasion and heat generation, as well as high energy efficiency. These features 
enable this mode to be used for various energy harvesting applications such as human motion 







Figure 5 Free-standing sliding modes TENG. 
2.3. Piezoelectricity 
Piezoelectricity is another common technique with applications in both sensing and energy 
harvesting.  The ability to convert applied strain energy into electrical output in piezoelectric 
materials has attracted the attention of numerous of researchers to implement them in both 
energy harvesting and sensing applications. In addition, piezoelectric materials can be easily 
integrated into a system. This makes them a suitable choice for implementation in different 
devices, which require a sustainable power source. The electrical output is generated in 
piezoelectric materials because of the orientation of their molecular structure. This molecular 
structure results in a local charge separation, which is called an electric dipole. Accordingly, 
when a mechanical load is applied to piezoelectric materials, a deformation of dipole occurs, 
which results in the formation of an electrical charge. This electrical charge can be removed from 
the piezoelectric materials to be used in sensing and power generation.  
Zirconate Titanate, a piezoelectric ceramic (piezoceramic), known as PZT is the most common 
type of piezoelectric materials with applications in power harvesting. Although PZT has been 
used for power harvesting, it is highly brittle, which limits the applied strain to this type of 
piezoelectric materials. There are a few other piezoelectric-based materials with applications in 
sensing and power harvesting such as poly (vinylidene fluoride) (PVDF), piezofiber, flexible 
piezoelectric materials, MFC composite and piezoelectric nanogenerators.  
  
2.3. 1. Piezoelectric Nanogenerators 
Piezoelectric ZnO nanowires (NWs) were first proposed by Z.L. Wang at the Georgia Institute of 
Technology as a new platform for energy harvesting and sensing [35]. This concept has shown a 
remarkable potential for harvesting wasted kinetic energy from micro and nano-scale mechanical 
devices. The electrical output generation of ZnO nanowires under a mechanical deflection is 
caused by the piezoelectric potential generation on the side surfaces because of crystal lattice 
distortion. Basically, when a piezoelectric NW goes under deflection, the side under tensile gives 
a positive potential and the other side, which is under compressive load, gives a negative 
potential. Figure 6 shows potential distribution for a ZnO NW [36]. 
Figure 6 Potential distributions for a ZnO NW. (a) Side view of the potential profile. (b) Cross-




Implementation of NWs provides three exceptional advantages: i) high sensitivity to small 
forces, ii) superior mechanical properties, and iii) enhanced piezoelectric effects. These three 
unique features make them suitable for plenty of sensing and energy harvesting applications. In 
order to better explain the working mechanism of nanogenerators fabricated from piezoelectric 
semiconductors materials, the coupled semiconducting and piezoelectric properties [36] could be 
studied. It must be noted that the direction of the exerted force on piezoelectric materials affects 
the power generation of piezoelectric nanomaterials. These materials can be used for both AC 
and DC electric generation [38], [39]. 
When a perpendicular external force is applied to vertically grown piezoelectric semiconducting 
NWs, stacked between the bottom and top electrodes, AC power is generated [33]. In order to 
generate a DC power in NWs, a force perpendicular to the axis of semiconducting NW must be 
applied. This applied force leads to a lateral bending in NW. For example, when an external 
force is applied using a moving tip, deformation occurs all over the NW; resulting in generation 
of piezoelectric potential in NW. This piezoelectric potential generation occurs due to the 
relative displacement of the cations with respect to anions. Accordingly, a positive electrical 
potential is observed on the stretched part of NW, while a negative potential is generated at its 
compressed part [33]. 
Piezoelectric nanogenerators have been used in plenty of devices including gas sensors [40], 
ultrasonic wave nanogenerator [41], touch sensors and artificial skins [42], sound-driven 
nanogenerator [43], [44]; pressure sensing [45], a textile fiber based NG for vibration/friction 
energy harvesting [46], respiration-based energy harvesting [43], driving a small liquid crystal 
display [47], biosystems, etc.  
2.4. Pyroelectricity 
An abundant source of energy is wasted heat. A large amount of everyday generated energy is 
lost in the form of wasted heat. Altering wasted thermal energy to electricity is a challenging task 
[48]–[50]. Pyroelectric nanogenerators (PYNGs), were first proposed in 2012, and present a 
technology to scavenge energy from a time-dependent temperature variation. In 2012, Wang’s 
group at the Georgia Institute of Technology [51], proposed pyroelectric ZnO nanowire arrays 
for converting heat energy into electricity. PYNGs implement the coupling of the pyroelectric 
and semiconducting properties in ZnO. The time-dependent variation of temperature causes a 
polarization electric field and charge separation along the ZnO nanowire. In fact, the time-
dependent temperature fluctuation results in the variation in spontaneous polarization of a PZT 
thin film, and thus electron flows in external circuit. In the same year, they presented that 
PYNGs have the capability of powering wireless sensors. Results of their work show that a 
temperature change of 45 K at a rate of 0.2 K/s results in 22 V open circuit voltage and 171 
nA/cm
2
 short circuit current density [52].  PYNGs have shown a high potential to be used as a 
self-powered temperature sensor with high sensitivity to small temperature changes [53]. This 
interesting feature of PYNGs makes them a suitable candidate for designing new types of self-
powered temperature sensors for automotive applications. Section 3.3 of the present review 
article covers temperature sensors in vehicle systems, and briefly discusses the potential of 
implementing PYNGs for implementing in different parts of vehicles.  
3. Sensing Systems in a Vehicle 
In this section, different types of sensors used in ground vehicles are discussed. Figure 7 
categorizes various types of sensors with applications in automotive systems. In this review 
article, we only focus on pressure, position, inertial, thermal, gas, and chemical composition 
sensors. Afterwards, we will discuss the potential of nanogenerators for implementation in 
vehicle sensory systems. 
 
 
Figure 7 Different sensor categories in automotive systems 
3.1. Position sensors  
In order to measure rotational and linear displacements in vehicles in micro to centimeter scales, 
many position sensors are used. This large range of position sensing covers small motions inside 
of a MEMS sensor to large motion of a strut in an active suspension system. There are five 
different approaches for position sensing in automotive systems: Potentiometric, Hall Effect, 
AMR, Optical Encoder, and Magnetostrictive Pulse Transit Time (MPTT). These mechanisms 
have been used in various position sensors such as Fuel Level Sensor (FLS), Steering Wheel 
Position Sensor (SWPS), Chassis Height Sensor (CHS), Engine Throttle Position Sensor (ETPS), 
and Crankshaft Position Sensor (CPS).  
3.1.1. Fuel Level Sensor (FLS) 
There are many different approaches for fuel level sensing including capacitive, pressure-
sensing, ultrasonic, radiation-absorption, and electrical-conductivity [54]. In vehicles, these 
sensors need to work in a harsh environment and high temperature. Changes in liquid level result 
in variation in level sensors’ parameters, which are converted into electrical signals using an 
appropriate transducer. The dominant working mechanism in developing FLS is the variation of 
capacitance that alters  based on a change in position, or properties of a dielectric material due to 
a level change into an electrical output [55]. Table 1 briefly describes a few research works on 
FLS.  
Table 1 Developed fuel level sensors and methodologies 
Authors Method 
 
                              Menon et al. 
Designed a pneumatic capacitor and fluid 
amplifier feedback oscillator sensitive to liquid 
level [56]. 
                                 Bera et al. Developed a noncontact capacitance-type level 
transducer for conductive liquids[57].  
 
                                   Li et al.  
Used the fringe effect between a high-potential 
surface and a low-potential surface to measure 
liquid level[58].  
 
                                  Betta et al.  
Implemented an optical fiber liquid-level 
transducer [59].   
                                  Yun et al. 
                                   
Utilized etched fiber Bragg grating to measure 
liquid level[60]. 
 Employed a guided acoustic wave through a 
                                 Royer et al.  magnetostrictive wire [61]. 
Table 1 covers most of the approaches for this application; however, it does not provide a 
complete list of fluid level sensors. As mentioned in Section 2, NGs have a high potential in 
vehicle sensing systems and specifically in fluid level sensing.  More specifically, TENGs have 
not been used for fuel level sensing, but they have the potential to be implemented for this 
application using a sliding single electrode mode.  Recently, research works have been published 
to show the potential of fluid-solid interaction (FSI) for energy harvesting, not for fluid level 
sensing applications [62], [63]. Choi et al. developed a super hydrophobic nanostructured 
aluminum tube to estimate electrical output for solid–water contact electrification inside a 
tubular system [62]. On the other hand, Zhu et al. used asymmetric screening of electrostatic 
charges on a nanostructured hydrophobic thin-film surface for water wave energy harvesting 
[63]. A conceptual design for the utilization of TENGs in fluid level sensing is proposed in this 
section (see Figure 8). A reliable design based on TENGs for a fluid level sensor could lead to a 
device, capable of working in a harsh environment. It should be highlighted that for a real world 
application, the internal TENG sensing chamber should be isolated from the fuel chamber to 
avoid potential risks of the tribo-charges and any potential hazard. Working on the designs and 
types  of insulation parts and materials  is a new research avenue that could be addressed by 
material and mechanical engineers. 
Figure 8 A triboelectric based fluid level sensor (conceptual design) 
 
 
3.1.2. Engine throttle position sensor 
The engine throttle position sensor (ETPS) plays a key role in automotive powertrain systems 
and is used to monitor the position of the throttle valve in internal combustion engines.  ETPS is 
usually located on the throttle valve spindle, which helps to directly monitor the position. ETPS 
measured data is used in the engine control module (ECM) to determine the engine mode, air-
fuel ratio correction, power increase correction, and also fuel-cut control.  ETPS is mechanically 
connected with the accelerator pedal and is actuated when the driver pushes the accelerator 
pedal. This sensor is basically a potentiometer with a variable resistance based on the position of 
the throttle valve.  At the idle condition, the voltage on the signal wire is in the range of 0.6-0.9 
[V]. At wide open throttle, the voltage is approximately 3.5-4.7 [V]. Triboelectric 
nanogenerators have a remarkable potential to be used for this application; thus, a TENG based 
throttle position sensor, sensitive to rotating motion of the throttle, can be designed using single 
electrode grating structure.  
3.1.3. Steering wheel position sensor 
Steering wheel position sensors (SWPS) are usually a variable position resistor [64] and are used 
to measure the position of the steering wheel directly; optical encoders are also implemented for 
this application. A combination of these two mechanisms has been implemented in vehicles’ 
electronic stability programs (ESP) to accurately measure the position of the steering wheel. This 
combination not only allows incremental angular position change 
during steering wheel movement, thus, providing quadrature outputs to determine the direction 
of steer, but also provides an analog signal of the steering wheel position at any point over the 
'lock-to-lock' range [65]. As an example, we can refer to a slotted-aperture optical-encoder 
sensor, which has been added to a gear-reduction-driven potentiometric sensor. Magnetic-based 
sensors can also be implemented for steering wheel position sensing. A sensor, called LWS3, 
developed at Robert Bosch GmbH is an example of this technology (AMR electromagnetic 
concept) that has been fabricated for ESP [4]. 
3.1.4. Chassis height sensor  
Chassis Height Sensors (CHS) are another application of position sensing in vehicles’ active 
safety, active suspension, state estimation, road angle estimation, and self-leveling headlamp 
systems [66]. CHS implements an angular position measurement to detect suspension’s vertical 
movement by using the Hall effect. 
3.2. Pressure Sensors 
Pressure sensors are used in different parts of a vehicle such as tire, chassis, brake fluid, cylinder, 
exhaust, AC compressor, evaporative fuel, fuel injection, and chassis adaptive suspension 
monitoring systems. In this review article, we mainly focus on three pressure sensing systems in 
vehicles: tire pressure monitoring system (TPMS), engine manifold pressure sensing system 
(EMPS), and cylinder pressure sensor (CPS). Other types of pressure sensors in automotive 
systems include evaporative fuel pressure sensing system, brake fluid pressure sensor, exhaust 
pressure sensor, and fuel injection pressure sensor. 
3.2.1. Tire pressure monitoring system 
An active area of research in sensing and energy harvesting systems is tire pressure monitoring 
systems. Recent works focus on developing self-powered sensors for tire pressure monitoring 
systems, measuring tire forces and moments, and determining road friction conditions.  
Beginning September 2007, the Federal Motor Vehicle Safety Standard (FMVSS) mandated all 
vehicles less than 10,000 pounds sold in the US to be equipped 
with tire pressure monitoring systems. Lower tire pressure (compared to vehicle manufacturer’s 
recommendation) results in high heat generation, which can cause tire blowout, rapid tire wear, 
and eventually, losing vehicle lateral and longitudinal control. The use of TPMS results in longer 
tire life, better vehicle handling and stability, and also reducing the fuel consumption [67] by 
diagnosing deviations from the standard inflation pressure. In order to report the real-time tire 
pressure information to the driver, different types of displaying systems are used such as a gauge, 
pictogram, and warning light. 
Tire pressure monitoring systems fall into two main categories: direct and indirect measurement 
systems. In an indirect tire pressure monitoring system (ITPMS), the pressure inside the tire is 
not directly measured and it is identified using wheel rotational speeds and other active safety 
system’s signals available outside a tire. The first generation of ITPMS works based on a slightly 
lower tire diameter, and therefore, lightly higher angular velocity for under-inflated tires.  In 
order to detect a low tire pressure, ITPMS compares the relative wheel speeds, provided by the 
Anti-lock Brake System (ABS) sensors, and sends a signal to the vehicle diagnosis system to 
actuate the indicator light when the allowable difference passes a threshold. Comparing to the 
direct tire pressure monitoring system (DTPMS), ITPMS is cheaper, requires less programming 
and also has a lower maintenance cost. ITPMS may results in faulty diagnosis, when a bigger or 
smaller tire is used. Such diagnosis could also be unreliable when all tires have lower pressure or 
are unevenly worn. They must be reinitialized after properly inflating each tire and after routine 
tire rotation.  
DTPMS specifically measures the pressure of each tire rather than monitoring the wheels’ 
rotational speed; this provides online information about the pressure of each tire. Usually, 
DTPMS sends the extracted data from tires to the vehicle active safety control and diagnosis 
system to evaluate and interpret the data, and warns the driver if the tire pressure is lower than 
the permissible threshold. Each DTPMS has a wireless module and specific serial number for 
security reasons. DTPMS is more accurate than IDTPM and provides the actual pressure data. 
Many researchers have focused on TPMS considering different aspects such as sensing 
capability, energy harvesting, and network security concerns.  
One important concern related to TPMS and its wireless module is pertinent to the static unique 
identifier, which might be used improperly and, therefore, raises concerns regarding privacy and 
spoofing[68], [69]. External devices other than the vehicle’s central computer have the potential 
to receive and decode the signal from wireless TPMS. The main concern is not the status of 
information transmitted by a TPMS, but the data’s unique identifier, which can be exploited for 
vehicle tracking and data mining [68], [70]–[73]. This data can be implemented for traffic 
purpose management[70] but could also be stolen by an eavesdropper (a static observer or on 
adjacent vehicles) [68]. It is an important and open challenge that needs to be addressed by 
telecommunication researchers to avoid security issues in vehicle systems. Section 4.1 provides 
information related to the energy harvesting and sensing devices in tires.  
3.2.2. Engine manifold pressure sensing system 
Engine manifold pressure sensing systems are used in fuel injected engines to monitor the 
combustion process by calculating air density and consequently determining air mass flow rate. 
This determines the required fuel delivery for high-performance combustion. It is also essential 
to sense the manifold absolute pressure for the engines’ electronic control unit (ECU) to 
diagnose spark and fuel-ratio conditions. EMPS measures absolute pressure in the engine’s 
intake manifold [74] using a MEMS-type or piezoresistive sensor [75]. 
3.2.3. Cylinder pressure sensor 
To  evaluate the fuel quality and environmental conditions, combustion control systems use 
cylinder pressure sensors (CPS), which were first developed by the Nissan Motor Co. for use on 
domestic models, in 1986 [76].  Cylinder pressure sensors provide essential diagnosis data in 
internal combustion engines such as: knocking, combustion pressure, weak combustion, air-fuel 
ratio, bulk average temperature of the air-fuel charge, and misfire detection [77]. Although such 
pressure sensors are expensive, a number of engine sensors including knock sensor and air-mass 
meter sensor can be replaced by a CPS[78], [79].  
CPS and the capabilities of microprocessors lead to new approaches to use fundamental engine 
parameters for monitoring and controlling the engine. As stated above, CPS has plenty of 
applications in spark control technique, air-fuel ratio, bulk average temperature of the air-fuel 
charge, and misfire detection. In fact, CPS is the most essential sensor for detection of misfire 
[77]. In Table 2, applications of CPS and its advantages are briefly discussed. 
Table 2 Applications of CPS in a Vehicle 
Applications Illustration 
                        
                            
                           
                         Spark Control 
CPS relies on feedback for spark control, and 
its implementation reduces the amount of 
required calibration for the design of each 
engine. In addition, it significant improves 
efficiency as well as power[80]. Peak pressure 
concept, peak pressure feedback 
implementation, and closed loop control of 
detonation are a few of methods used for spark 
control based on CPS data.   
                     
                 
                
            
             Fuel Air Ratio Control (FARC) 
 
FARC is critical in order to have a better 
transient fuel control, efficiency and emission 
control. The pressure time history shape is a 
key parameter to practical application of CPS 
in FARC [80]. Different methods have been 
developed for this application including 
moment descriptors, molecular weight ratio, 
estimation performance, combustion duration 




The combustion chamber of an engine is in fact 
a cavity, which has resonant frequencies. The 
resonant frequencies can be estimated through 




                           Misfire Detection 
 
CPS measurement at two different crack angles 
can lead to a pressure ratio between these two 
angles, which can be used as direct sign of 
whether any combustion has occurred up to the 
point of the second pressure measurement. 
Therefore, if we define a “misfire” for cycles 
with late combustion, the second measured 
pressure must be consequently adjusted. One 
important issue of CPS is its thermal 
sensitivity, which should be considered in the 
CPS design considering this application[87].  
 
3.3. Thermal Sensors 
Different types of thermal sensors for automotive systems are introduced and briefly discussed in 
this section. Vehicles thermal management systems are significant in terms of fuel economy and 
reliable performance [88]. Thermal sensors are used for measuring the temperature in different 
vehicle parts and systems including the cylinder head, battery, evaporator, fuel/water/oil lines, 
exhaust, cabin, and atmosphere temperatures. All of these measurements are critical to prevent 
any damage to the abovementioned specific parts and, consequently the passengers’ safety. Two 
types of thermal sensors are discussed in this section: exhaust gas and engine coolant 
temperature sensors. 
3.3.1. Exhaust gas temperature sensor 
An exhaust gas temperature sensor (EGTS) is usually installed in front of the Diesel Oxidation 
Catalyst (DOC) or Diesel Particulate Filter (DPF). This sensor detects exhaust gas temperature 
and converts it into voltage. This voltage is transmitted to the ECU to control engine conditions, 
reduce emission, detect knock, and increase fuel efficiency. The gas temperature sensor is 
essential to detect engine knocks as it decreases considerably when the engine goes into a knock 
[89]. EGTS consists of a stainless cover to protect the thermistor and wires; sheath pin to hold 
the stainless wire rigidly; stainless wire to carry the thermistor signal; and a thermistor to detect 
temperature variation. Nanogenerators have a great potential to be used with EGTS as self-
powered pyroelectric nanogenerators [51], [53], [90], which are capable of not only converting 
the thermal variation in the exhaust line to electrical voltage, but also providing sufficient power 
for signal transfer to ECU. Montaron designed a fast response, thick film 
nickel temperature sensing element in [91], which can be implemented by custom designing  for 
different parts of a vehicle to act as temperature sensors such as the engine inlet air temperature, 
engine coolant temperature, engine oil temperature, etc. 
3.3.2. Engine coolant temperature sensor 
This sensor is installed in a water jacket surrounding the engine cylinders and is implemented to 
monitor the temperature of the internal combustion engines’ coolant and consequently to adjust 
the fuel injection and ignition timing.  Engine coolant temperature sensor data is also used to 
control spark advance and exhaust gas recirculation [92]. Kenny et al. [93], [94] reported one of 
the earliest attempts to measure coolant temperature by using a thermostat system and showed 
that it is possible to maintain engine temperature at a predefined level or adjust it. The advantage 
of their developed system is the capability to modify engine temperature during cruise, city 
driving or heavy load conditions- thus, optimizing fuel economy, engine torque generation, and 
emissions. Another option for the engine coolant system is thermistors, which provide plenty of 
advantages for engine coolant system controls. This type of thermal sensor has a high durability 
over a million temperature cycles and does not exhibit hysteresis [95].    
Furthermore,  few researchers have developed a back-up system for the engine coolant 
temperature sensor to allow the engine to operate even if the abovementioned sensor fails [96]. A 
critical issue with the conventional measurement method is that if the coolant is lost, it would not 
be detected by the temperature coolant sensor. Accordingly, a device has been developed by 
Ford Global technologies (see [97]) to avoid the above mentioned circumstance to determine 
both temperature and presence of the coolant.  Similar to EGTS, an ideal alternative for coolant 
temperature sensors can be a pyroelectric nanogenerator, which is thermally and mechanically 
durable, capable of working in harsh environments, provides the required power for sending the 
signal to the ECU (by wireless technology), and can be installed in the engine coolant paths. 
3.4. Inertial Measurement Unit  
Advances in inertial sensor technologies, sensor fusion, and distributed estimation in driver-less 
and intelligent transportation systems facilitate reliable and robust control and estimation of 
vehicle states [98]–[100]. In this direction, reliable estimation of vehicle states and navigation by 
using an Inertial Measurement Unit (IMU) at a reasonable cost is necessary for proper 
functioning of active safety and driver assistance systems. Vehicle state estimators use 
acceleration and yaw rate measurements from an IMU and estimates the vehicle states 
employing Kalman-based or nonlinear observers [101]–[103], augmented systems by GPS data  
[104]–[107], and robust observers independent from the road friction conditions[108].  
An IMU consists of accelerometers and gyroscopes to measure accelerations and angular rates. 
IMUs are widely used in the automotive industry for active safety, intelligent transportation, and 
autonomous driving systems to estimate vehicle states and road condition, control vehicle 
dynamics, enable anti-lock braking system (ABS), activate airbags, navigate vehicles, diagnose 
faults, etc [109]–[117]. IMU-enabled GPS systems also correct the measured velocity and 
position data when GPS signals are unavailable due to urban canyon, tunnels, packet drop, and 
interference. IMUs are categorized based on their bandwidth, linearity, sample rate, and 
drift[118], [119]. In order to reduce the size and cost of inertial sensors for automotive 
applications, conventional stock IMU for active safety systems have two horizontal 
accelerometers and one vertical gyro [120]–[125]  (so called reduced-IMU, RIMU). The pitch 
and roll (and their rates) cannot be measured directly from the inertial data in reduced IMUs. A 
gyroscope-free IMU has been developed in [126] that only includes linear accelerometers to 
directly measure transversal accelerations, angular accelerations, and velocities. An RIMU 
mechanization is investigated and evaluated with vehicle test data in [127]. Calibration of inter-
triad misalignment between the gyroscope and accelerometer triads is discussed and an optimal 
calibration method is designed in [128]. A wireless micro IMU with a three-axis accelerometer, a 
three-axis gyroscope, and a three-axis magnetometer is designed [119] and its performance is 
demonstrated experimentally for localization. As we illustrated above, an IMU unit contains 
accelerometer and gyroscope to accurately measure the acceleration and relevant angular rates. 
Very recently, a piezoelectric nanogenerator based accelerometer was developed by Jin et al. 
[129] with a very high sensitivity and durability. They showed that the device has the potential to 
measure 3D acceleration, and can be used for vehicle dynamics monitoring. Result of this 
research shows the high potential of nanogenerators for implementation in IMU unit of the 
vehicles as self-powered accelerometers. Figure 9 shows the developed accelerometer.  
Figure 9 Structure of the self-powered 3D acceleration sensor, (a) schematic of the sensor, (b) 
photograph of the fabricated sensor, reprinted with permission [129]; Copyright 2018 Elsevier 
 
. 
3.5. Gas and Chemical Compositions Sensors 
Gas and chemical composition sensors are the last sensors that are reviewed in this article. These 
sensors are used for monitoring ground vehicle systems that decrease harmful gas emissions that 
deteriorate air quality, have destructive impacts on environment, and considerably contribute to 
global warming. These sensors are implemented not only to monitor and reduce emissions, but 
also to enhance fuel efficiency by reducing unburnt fuels and improving combustion.  
Incomplete engine combustion might result in undesired and toxic by-products such as carbon 
monoxide, oxides of nitrogen, sulfur dioxide, and other types of unburnt hydrocarbons.  Many 
different types of sensors have been developed for exhaust sensing to detect humidity, NOx, 
Oxygen, CO and CO2, Hydrocarbon, NH3, SO2, and H2.  
3.5.1. Humidity detection sensor 
Several devices have been designed and manufactured to detect humidity and concentration of 
water vapor, which is highly important for analyzing the extent of engine combustion and also 
air quality in a car cabin. Humidity sensors can be found in different parts of a vehicle to 
optimally regulate air inside the vehicle using air conditioning or climate-controlled seats.  In 
addition, they are used to eliminate fogging of the windshields, ensuring a clear view of the road. 
In Table 3, a few of these ideas and devices are reported, which have the potential to be 
implemented in vehicles.   
Table 3 Working principles and devices for humidity sensing 
Sensor Concept Example 
Zeolite-based humidity sensors: Some 
examples of these humidity sensors are: 
semiconductor sensor (Pd-doped SnO2) 
covered by zeolitic films [130], a type of 
composite materials based on  LiCl/NaY  was 
developed by scattering of LiCl into the pores 
of NaY zeolite[131], Zeolite-coated interdigital 
capacitors[132], nanostructured Ag-zeolite 
composites[133], and AlPO4-5 zeolite with 
high responsivity[134].   
 
Modified Pd-doped SnO2 sensor scheme, 
where DVM is the digital voltmeter, reprinted 
with permission[130]; Copyright 2003 
Elsevier. 
Piezoelectric nanowire humidity based 
sensors: A few examples of PENG-based 
humdity sensor include Core-shell In2O3/ZnO 
nanoarray nanogenerator as a self-powered 
active sensor with high H2O 
sensitivity[135],Cd-ZnO nanowire 
nanogenerator for humidity sensing[136], Al-
ZnO nanowire nanogenerator as a self-powered 
humidity sensor[137],Ga-doped ZnO nanowire 
nanogenerator [138], and Fe-doped ZnO 
nanoarray nanogenerator [139]. 
 
The final device structure of the self-powered 
Fe-doped ZnO NW arrays humidity sensor, 
reprinted with permission [139]; Copyright 
2015 Elsevier.  
Triboelectric nanogenerator-based humidity 
sensors: TENG with interdigital electrodes 
(IDEs) as self-powered triboelectric humidity 
sensor (THS)[140], and  airflow-induced 
triboelectric nanogenerator for detection of 
airflow and humidity[141].  
 
THS based on TENG, reprinted with 
permission [141]; copyright American 
Chemical Society 2014. 
MOF-based humidity sensors: Some 
examples of these types of sensors are: 
Lanthanide ion MOFs humidity sensor[142], 
interdigital electrode impedance sensors 
covered by MOF thin films[143], mesoporous 
MOF humidity detector[144],  photonic film of 
a MOF[145], and impedance-based MOF 
humidity detector.  
 
Kelvin probe setup,  reprinted with permission  
[146]; copyright Royal Society of Chemistry 2016, 
Open Access. 
Although the majority of current humidity monitoring systems in vehicles use capacitance-based 
sensors (which show the variation of capacitance versus changes in relative humidity), as can be 
seen from Table 3, nanogenerators have the potential to be used as humidity sensors because of 
their self-powered sensing capability.  
3.5.2. NOx detection sensor 
In order to actively control the emission in combustion engines, detection of NOx even in low 
ppm range is highly demanding. A NOx sensor is usually located at the exhaust of vehicles and 
includes three main components: a NOx sensor, connecting cable, and a NOx sensor controlling 
module. One of the most common methods to effectively detect NOx in automotive systems is 
monitoring conductivity. For example, Pugh et al. has used ZnO inks as the metal oxide element 
in [147] and covered it with zeolite Y, mordenite and zeolite beta polymorph A for  NOx 
detection in automotive applications. A semiconducting WO3 covered with four types of zeolite 
was utilized by Zheng et al. in [148] for NO2 detection.   - Alumina gas sensor has been 
developed for automotive application by Pijolat et al in [149]. Their proposed sensor includes 
two different solid electrolytes to detect various gases such as CO, NO, and NOx. The 
experimental results confirm that the fabricated sensor is an appropriate choice for the detection 
of CO and NOx. Pohle et al. has applied pulsed polarization technique on a YSZ-based sensor to 
detect NOx in exhaust systems [150]. Guardiola et al. developed an estimation technique in [151] 
for real-time NOx emission monitoring by using both high-frequency and low-frequency 
components of cylinder pressure to estimate the trapped mass, and assessing the NOx emission 
cycle by cycle. Very recently, Su et al.  [152] have shown that triboelectric nanogenerators have 
the potential to be used as a self-powered device for NO2 detection. Although their proposed 
approach can be implemented at room temperature, it can be modified for specific applications in 
vehicle exhaust systems.  
3.5.3. CO and CO2 emission sensors 
Indeed, CO is considered a “silent killer”, and is a threat to both human health and the 
environment. CO emissions could result in severe health problems and even death. CO 
concentrations higher than 400 ppm are considered poisonous to humans. In addition, CO2 is 
considered a major contributor to global warming. Environmental and transportation legislations 
have strict rules to reduce and monitor the concentration of these two gases in ground vehicles. 
Consequently, developing new types of CO and CO2 sensing devices for vehicle cabins and 
power generation systems are gaining momentum due to its crucial impact on passenger safety 
and air quality.  Car companies have developed many techniques to detect and reduce these 
pollutants.  The main three commercial technologies for vehicle cabin air quality are: 
electrochemical sensors, infrared-optical devices, and semiconducting metal oxide sensing 
devices. In addition, nanogenerators have a remarkable potential for air quality assessment in 
vehicle cabin. 
3.5.4. Hydrogen detection sensors 
Hydrogen must be monitored especially in the exhaust gas of fuel-cell vehicles [153]. As the 
energy source of this type of vehicle is hydrogen, it is crucial to have a cost-effective and high-
resolution hydrogen sensor that meets the safety regulations. Current hydrogen monitoring 
systems have Palladium-based, optical fiber-based, electrochemical-based, and MEMS-based 
hydrogen sensors. Nanogenerators have also shown an outstanding potential for hydrogen 
sensing and a few researchers have developed high-resolution hydrogen monitoring systems by 
using this technology [154]–[157]. Table 4 shows a few recently- developed and designed 
hydrogen sensors using nanogenerators, that can be implemented in automotive systems.   
 
Table 4 Nanogenerator-based Hydrogen sensors 
Sensor Mechanism and Highlights Optical image/Schematic 
A self-powered TENG based hydrogen 
sensor using a wrinkle-micropatterned 
PDMS film[154]:  
- An excellent low limit of detection 
(around 20 ppm) 
- High potential for energy harvesting to 
power itself. 
- Inspired portable active self-powered 
gas sensor. 
 
Image of the as-fabricated TENG-HS device; 
reprinted with permission [154]; Copyright 
Royal Society of Chemistry 2016. 
 
TENG based hydrogen sensor with Pd 
functionalized surface [155]: 
- Self-powered hydrogen sensor 
- Highly sensitive to hydrogen exposure 
- Easy to fabricate 
  
Schematic of the hydrogen sensor fabrication; 
reprinted with permission [155], Copyright 
MDPI 2016. 
A TENG based hydrogen gas sensor with 
fast response[156]: 
- Response time is about 100 s 
- 2H detection resolution is about 10 
ppm 
- Self-powered capability  
 
Schematic of the triboelectric-based hydrogen 
sensor, reprinted with permission [156]; 
Copyright  Elsevier 2016. 
Portable PENG based  self-Powered 
hydrogen sensor[157]: 
- Portable hydrogen sensing package 
- The detection limit is about 10 ppm 
- Self-Powered capability  
 
(a) Schematic of PENG based self-Powered 
hydrogen sensor, (b) optical image of the 
fabricated device; reprinted with permission 
[157]; Copyright Elsevier 2014. 
 
4. Energy Regeneration 
4.1. Intelligent Tires 
Tires are the most essential components in vehicle stability control systems that enhance the 
safety of passengers and transportation systems. Thus, it is vital in the vehicle active safety 
systems to measure (or estimate) tire forces and aligning moments, road friction coefficient, and 
tire pressure. Currently, tire companies use tire pressure monitoring systems (TPMS) which can 
only provide information about tire pressure. In Section 3.2.1, a comprehensive review was 
provided on TPMS. TPMS has a lifetime limitation due to its dependence on battery life. In 
addition, there is no self-powered multifunctional sensor that is capable of providing information 
pertinent to tire forces and road conditions. In order to develop intelligent tires, which are vital 
for monitoring tire-road interaction, it is essential to have a combination of robust estimation 
techniques and durable measurement devices.  
Tire-road forces have played a vital role in the field of vehicle stability control. Tire forces can 
be measured [158] at each corner with sensors mounted on the wheel hub, but the significant cost 
of available wheel transducers, required space, and calibration and maintenance make them 
unfeasible for mass production vehicles. Therefore, estimation of the longitudinal, lateral, and 
vertical tire forces using measurements available on current production vehicles, yet robust to 
different road conditions has been the main focus of related literature in recent years, and the 
topic of this section. A high gain observer with input–output linearization is proposed in [159] to 
estimate the lateral states. A cascaded-type tire force and vehicle sideslip angle estimator is 
proposed in [160] by using a sliding mode observer and Kalman filter. Steering torque 
measurement is used in [161], [162] for tire force estimation to address road surface friction 
changes. Tire forces are estimated in [163], [164] by using a random walk model for longitudinal 
and lateral force evolution, an unscented Kalman filter (UKF), and planar kinetics. Recursive 
least square and known driving wheel torque with direct application to electric vehicles are used 
in [165] to estimate tire forces. In [166], a tire force estimator robust to road surface friction is 
developed using UKF and standard production vehicles' sensors. Corner-based longitudinal, 
lateral, and vertical force estimation methodologies are provided in [167]–[169] using a 
nonlinear observer on the wheel dynamics, an adaptive UKF on vehicle kinetics, and linear 
observer on the roll and pitch dynamics of the vehicle sprung mass. A modular nonlinear 
observer for estimation of vehicle velocities and longitudinal tire forces is proposed and tested in 
[170]. A tire force estimator is introduced in [171] by using wheel torque data and the Youla 
controller. Several approaches have been investigated for tire condition monitoring system 
(TCMS) such as electromagnetism, piezoelectricity, electrostatic, and nanogenerators. Among 
these approaches, nanogenerators have exhibited a promising potential for tire force (and 
moment) and road friction coefficient monitoring due to their high signal/noise ratios, low cost, 
flexibility, durability, sensing capabilities in harsh environments, and more importantly energy 
harvesting. Table 5 represents a few of recently-developed nanogenerator-based techniques for 
both energy harvesting and sensing in tires.  
Table 4 Nanogenerators in Tires 
Sensor Mechanism and Concept Optical Images/Schematics 
 
 
A piezoelectric nanogenerators in 
tires[172]: 
- Speed detection  
- Pressure sensing  
- High potential for self-powered 
sensing 
 
    (a) 
 
(b) 
(a) Shape change of the tire during the vehicle's 
movement (b) photograph showing that a NG was 
fixed on the inner surface of a tire using adhesive 
tape; reprinted with permission [172]; Copyright 
Wiley 2011. 
 
Single electrode triboelectric 
nanogenerators for energy harvesting 
from tires[173]:  
- Output voltage of 55 V, and output 






S-TENG sensor test setup on a bicycle tire; reprinted 
with permission [173]; Copyright American Chemical 
Society 2013.  
PDMS Single electrode TENG for energy 
harvesting from rolling tires[174]: 
- Simple and scalable design. 
- Instantaneous power is  1.79 mW 
 
Schematic charge generation mechanism of the S-
TENG on a rolling wheel in contact with the ground; 
reprinted with permission [174]; Copyright Elsevier 
2015. 
Fully-packaged and robust hybridized 
generator for harvesting vertical rotation 
energy in rolling tires[175]: 
- Effectively work in a broadband of 
frequency 
- Generate a maximum energy of 10.4 J
at frequency 1 Hz. 
 
 
Schematic of a cylinder-like fully-packaged hybrid 
nanogenerator for harvesting vertical rotation energy; 
reprinted with permission [175]; Copyright Elsevier 
2018. 
 
A new type of TENG based device for 
energy harvesting from rolling tires [176] 
- 500 units of CH-TENG can generate at 
least 1.2 W for a standard tire. 
- Stable and durable characteristics for a 
30-day continuous experiments  
 
Schematic of hexagonal-structured triboelectric 
nanogenerators for harvesting tire rotation energy; 




A highly flexible single electrode TENG 
for tire condition monitoring[28] 
- Highly flexible and thermally 
durable TENG sensor 







(a) Schematic of the sidewall and attached sensor 
(b) top view of the sidewall of the tire with as-
fabricated sensor; reprinted with permission 
[28]; Copyright Wiley 2017. 
 
A multifunctional hybrid TENG-EMG 
sensor with potential application in tire 
condition monitoring[24] 
- Highly flexible and mechanically 
durable 








(a) The fabricated self-powered sensor (b) 
Sidewall of attire equipped with the 
proposed device; reprinted with permission 
[24]; Copyright Elsevier 2018. 
 
A hybridized triboelectric nanogenerator 
for tire pressure monitoring 
- Powerful enough to power a 
commercial wireless sensor. 
- Can deliver a maximal output power 
of 22.3 mW at the rotation speed of 
100 rpm. 
- Durable and capable of power 
generating at high temperatre 
 
The fabricated self-powered sensor for tire 
pressure monitoring, reprinted with 
permission[177];Copyright Elsevier 2018. 
The potential of nanogenerators for tire condition monitoring has been recently studied by Askari 
et al. [178] in which they predicted the future of intelligent tires and the high impact of 
nanogenerators to TCMS. Figure 10 shows their prediction for the future of intelligent tires.  
 
Figure 10 Evolution of intelligent tire and the prediction for future TCMS technology, reprinted 
with permission[178]; Copyright Wiley 2018. 
Triboelectric nanogenerators can be also used for powering Hall sensor which are used for wheel 
speed sensing and brake monitoring. Very recently, Guo et al.[179] developed a self-powered 
hall sensor using triboelectric nanogenerators for wheel speed sensing and brake monitoring.  
The proposed sensor demonstrates a very high rate of sensitivity for both wheel speed sensing 
and brake monitoring. Figure 11 schematically represents the self-powered Hall sensor[179]. 
Figure 11 Schematic representation of the developed self-powered Hall sensor, reprinted  with 
permission[179]; Copyright Wiley 2018.  
 
 
4.2. Suspension  
A few researchers have focused on this component of vehicles to both increase the vibration 
damping of the vehicle suspension, and also redesign it for energy harvesting. Thus, a number of 
novel designs have been proposed based on the electromagnetic concept to recover the vibration 
energy at high efficiency without reducing the ride comfort[180].  In table 5, a few of developed 
suspension systems in which electromagnetic mechanism has been used for power regeneration 
are presented.  
Table 5 A few of developed regenerative shock absorber 
Suspension system Capability  
An electromagnetic regenerative shock 
absorber[180] 
 
(a) Diagram of the linear electromagnetic shock 






- It can harvest 16-64 Watt at 
0.25-0.5 1ms RMS suspension 
velocity. 
 
assembly; reprinted with permission [180]; Copyright 
IOP Science 2010. 
Regenerative and Adaptive Shock absorber [181], 
[182], 
 





- Capable of providing variable 
damping coefficient in the range of 
1302–1540 msN. . 
- It can generate approximately 80 
Watt at excitation amplitude of 14 mm 







Electromagnetic-pneumatic hybrid actuator[183]: 
 
Fabricated electromagnetic-pneumatic hybrid 




- Hydraulic damping of 1300 
N.s/m 
- Electromagnetic variable 
damping of 0-240 N.s/m.  
Figure 12 shows a conceptual design for a regenerative shock absorber with a combination of 
electromagnetism and triboelectric nanogenerators. The combination of the developed 
electromagnetic regenerative absorber in Ref. [181], [182] and grating TENGs, as presented in 
Figure 12, increases the energy regeneration capability of the shock absorber. The presented 
conceptual design in Figure 12 combines two different modes of TENGs including sliding and 
contact-separation modes. Developing an optimized configuration for both electromagnetic and 
TENG components of the proposed conceptual device enhances the energy conversion efficiency 
of the shock absorber.   






































5. Conclusion, perspectives and challenges 
In this review article, different types of sensing mechanisms in vehicle systems were reviewed. 
Some of the main techniques for sensing and energy harvesting, such as electromagnetic 
generators, Hall effect, eddy current, and AMR were first described. Afterwards, we illustrated 
the new techniques of sensing and energy harvesting by implementing nanogenerators. The 
second section of this review article covered five different categories of sensing in automotive 
systems including position sensors, thermal sensors, chemical and gas sensors, inertial 
measurement unit, and pressure sensors. For each of these sensing categories, it was shown that 
NGs could be implemented to improve the current automotive sensory technologies. 
Nanogenerators could also be used for developing a number of novel sensors for vehicle 
systems. In Table 6, we provide a short list of the sensors and devices which can be improved to 
self-powered category in automotive and vehicle active safety systems using nanogenerators. 
 
Table 6 List of the potential self-powered sensors using nanogenerators for automotive systems 





Steering wheel position self-powered 
sensor 
TENG/ Sliding mode 
Pedal position self-powered sensor TENG/ Contact-Separation 
Fuel level self-powered sensor TENG/ Sliding mode 
Wheel speed self-powered sensor TENG/ Sliding mode 
Throttle position self-powered sensor TENG/Sliding mode 
Chassis height self-powered sensor TENG/Sliding mode 
 
Thermal Sensors 
Engine coolant self-powered  temperature 
sensor 
PYNG 







CO and CO2 self-powered sensor TENG-PENG 
NOx detection  self-powered sensor TENG-PENG 
H2  detection  self-powered sensor TENG-PENG 
Humidity detection self-powered sensor TENG-PENG 
Pressure sensor Self-powered TPMS TENG-PENG 
Other NGs based 
sensors and 
devices  
Driver’s  cabin self-powered touch pad  TENG-PENG 
Self-powered occupant sensor TENG/ Contact-Separation 
Self-powered seat belt sensor TENG/ Contact-Separation 
Intelligent Tires Self-powered sensor for TCMS TENG-PENG 
Nanogenerators can be used not only for self-powered sensing but also, for energy harvesting, as 
we presented a conceptual design for hybridized electromagnetic-triboelectric regenerative shock 
absorber.  For developing new types of sensors for vehicle systems we need to draw on different 
disciplines including nanogenerators, vehicle dynamics, material science and sensing systems to 
accelerate the development of future rolling computers. There are a few main challenges in 
developing self-powered sensors based on nanogenerators for vehicle systems that should be 
addressed by researchers. The first challenge is related to the selection of an appropriate set of 
materials for fabrication of sensors with high thermal and mechanical durability for specific 
applications in automotive systems. For example, tires have a very harsh environment and 
developing a durable and reliable self-powered sensor for them is a very challenging task. 
Another potential challenge can be related to processing of the obtained data through the novel 
self-powered sensors using nanogenerators. In order to address this challenge, expertise from 
other disciplines such as computer sciences, neural and sensor networks is inescapable. The last 
challenge is related to the capability of creating line of production to fabricate the final set of 
self-powered devices for automotive applications.  
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Highlights 
 The potential of nanogenerators for self-powered sensing and energy harvesting in 
automotive systems is discussed. 
 A comprehensive review is provided on the current technologies in automotive 
sensing. 
 A list of   sensors and devices which can be improved to self-powered category in 
automotive systems using nanogenerators are presented. 
 Five different categories of sensors in automotive systems are reviewed. 
 
